Introduction
Nijmegen breakage syndrome, an autosomal recessive human disease, is due to a mutation in the NBS1 gene (1) . The clinical features of this syndrome include growth retardation, immunodeficiency, and increased susceptibility to malignancies (1) . A gene product of the nibrin gene [NBN, also known as the Nijmegen breakage syndrome 1 gene (NBS1)] is a member of the MRE11/RAD50/NBS1 (MRN) protein complex, which is involved in the repair of DSB in DNA (2) . NBS1 consists of two functional regions (Fig. 1A ). Its C-terminal region contains binding motifs of MRE11 meiotic recombination 11 homolog A (S. cerevisiae) (MRE11A, also known as MRE11) and ataxia telangiectasia-mutated (ATM) kinase (3) (4) (5) , whereas its N-terminal region contains forkhead-associated (FHA) and breast cancer C-terminal (BRCT) domain that mediates phospho-dependent protein-protein interactions (6) (7) (8) . A rare polymorphic variant of NBS1 that resulted in an isoleucine to valine substitution at amino acid position 171 (I171V) was first identified in childhood acute lymphoblastic leukemia (ALL) (9) . The NBS1-I171V polymorphic variant is located in the BRCT domain, which is highly conserved in human, mouse, rat, chicken and African clawed frog (Fig. 1B ). We have previously described an aplastic anemia (AA) patient in a Japanese child with a homozygous polymorphic variant of NBS1-I171V (10) . We also determined that the chromosomes of lymphoblastic cell lines derived from this patient contained a remarkable number of structural chromosomal aberrations (10) . However, it is unclear whether the NBS1-I171V polymorphic variant affects DSB repair activity and genomic instability.
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In this study, we showed that NBS1-I171V decreased the localization of the MRN complex to sites of plural DSBs through its loss of association with MDC1. This aberrant localization resulted in decreased production of repairable single-stranded DNA and reduced DSB repair activity. We also showed that the heterozygous NBS1-I171V variant increased the risk of breast cancer in Japanese women. The NBS1-I171V reduced the DSB repair activity of endogenous NBS1 in a dominant-negative manner, and increased chromosomal instability. 
Immunoprecipitation and immunofluorescence analyses
For immunoprecipitation analysis, the cells were washed with phosphate-buffered saline (PBS) and sonicated in lysis buffer (150mmol/L NaCl, 20mmol/L Tris-HCl [pH 7.9], 20% glycerol, and 1mmol/L Pefabloc [a protease inhibitor; Roche]). The lysate (1 mg) was mixed with anti-Flag M2 Affinity Gel (Sigma-Aldrich) and incubated for 4 hours at 4°C.
The gel was washed 3 times with lysis buffer. The immunoprecipitated proteins were separated by using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then incubated with the indicated antibodies. For immunofluorescence analysis, the cells were cultured on glass coverslips, exposed to 10 Gy of ionizing radiation (IR). After 4 hours, the cells were fixed in ice-cold 4% paraformaldehyde for 1 hour, permeabilized with 0.1% TritonX-100 at room temperature, immersed in blocking reagent (2% Normal Swine Serum [Funakoshi Inc.], 0.05% TritonX-100) for 30 minutes at room temperature, and then incubated with the indicated primary antibodies overnight at 4°C.
The cells were incubated with secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 555 (Invitrogen) for 1 hour at room temperature and stained with 2 μg/ml of 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) for 10 minutes at room temperature.
Images were captured with a confocal laser microscope (Carl Zeiss) with a 40x water immersion objective. minutes. For each cell line, about 1600 well-spread metaphase chromosomes were screened for structural chromosomal aberrations.
DR-GFP assay

Sample collection, genotyping, and statistical analysis
We obtained DNA samples of 1524 breast cancer cases and 1462 controls from the Biobank Japan Project as described previously (PMID: 22951594). As part of this project, patients' DNA samples were collected through a collaborative network of 66 hospitals throughout Japan. A list of participating hospitals can be found at the following website:
http://biobankjp.org/plan/member_hospital.html. Genotyping of the NBS1 variations at amino acid position 171 was performed by direct sequencing. The primers used for amplification were as follows: forward, 5'-TGGATGTAAACAGCCTCTTTGT-3'; reverse, 5'-TGAAACAAGCATTAAAGAGGGAA-3'. The odds ratios (OR) were calculated in a dominant mode. P values were calculated by using the chi-square test. 
Results and Discussions
NBS1-I171V polymorphic variant reduced DSB repair activity
To explore the biological consequences of the NBS1-I171V substitution, we generate cell lines that express the polymorphic variants of the NBS1 gene. First, we constructed the NBS1 cDNA to construct expression vectors that encoded a protein with either isoleucine (NBS1-WT) or valine (NBS1-I171V) at amino acid position 171. The vectors were stably transfected into human GM07166VA7 cells, which contain homozygous for the 657del5 mutation in exon 6. The mutation of NBS1 determines the synthesis of two truncated proteins of 26 kDa (p26) and 70 kDa (p70) (14) . We isolated and selected clones with equivalent levels of NBS1 expression for further analysis (Fig. 1C lanes 1 and 2 , and Supplementary Fig. S1A ). Immunoprecipitation analysis in these cloned cell lines indicated that both NBS1-I171V and NBS1-WT bound to MRE11 and RAD50 homolog (S. cerevisiae) (RAD50) (Fig. 1C, lanes 4 and 5) , suggesting that NBS1-I171V can incorporate into the MRN protein complex. We also used these NBS1-expressing cell lines to assess cell survival in response to DNA damage caused by ionizing radiation (IR) or the cross-linking agent mitomycin C (MMC). An analysis of cell survival revealed that the cell line expressing NBS1-I171V was more sensitive to IR and MMC than was the cell line expressing NBS1-WT ( Fig. 2A) . We also found that other cell line expressing NBS1-I171V was more sensitive to IR and MMC than was other cell line expressing NBS1-WT ( Supplementary Fig. S1B ). Next, we analyzed homologous recombination (HR) repair frequency in the NBS1-expressing cell lines with DR-GFP system (11, 12) . When I-SceI expression was induced, the cell line expressing NBS1-I171V showed a three-fold lower frequency in HR repair compared with the cell line expressing NBS1-WT (Fig. 2B) . We also found that other cell line expressing NBS1-I171V showed lower frequency in HR repair compared with other cell line expressing NBS1-WT (Supplementary Fig. S1C ). It was reported that a poly-(ADP-ribose) polymerase 1 (PARP1) inhibitor (AZD2281) reduced growth of HR repair-deficient cells such as BRCA1 and BRCA2 mutated cells (15, 16) . Therefore, we examined cell survival in response to AZD2281. We found that the cell line expressing NBS1-I171V was more sensitive to AZD2281 than was the cell line expressing NBS1-WT, but was more resistant to AZD2281 than was the cell line expressing a vector ( Fig. 2C and Supplementary Fig. S2A ). This result indicated that damages by the PARP inhibitor were different from those by IR or MMC in Figure 2A . We showed that HR repair activity of GM07166VA7 cells expressing NBS1-I171V was almost similar to that of GM07166VA7 cells expressing a vector in Figure 2B . These results suggested that damages by the PARP inhibitor were repaired by HR repair-dependent and -independent manners of NBS1. We speculate that NBS1-I171V has the HR repair-independent activity to repair damages by the PARP inhibitor. However, the activity of NBS1-I171V is still unclear. Thus, further researches of NBS1-I171V function could be necessary.
It was reported that NBS cells exposed to IR showed an abnormal cell cycle (17) .
Therefore, we examined the cell-cycle status of the cells that had been exposed to IR. We found that the ratio of S phase in the cell expressing the NBS1-WT was reduced by IR treatment, but not in the cell expressing the NBS1-I171V or the vector ( Supplementary Fig.   S2B ). This result suggests that G1/S phase arrest is failed in cells expressing NBS1-I171V.
These results suggest that the DSB repair activity of cells expressing NBS1-I171V is reduced compared to that of cells expressing NBS1-WT and prompted a more in-depth analysis of these cell lines.
NBS1-I171V polymorphic variant decreased the localization of the MRN complex to sites of DSB
NBS1 is known to be involved in an early step of DSB repair (2) . Thus, we used immunofluorescence to examine whether NBS1-I171V localizes to sites of DSB in cells exposed to IR. We observed NBS1 foci in cells expressing NBS1-WT, but not in those expressing NBS1-I171V ( Fig. 3A and 3B ). MRE11 foci were also identified in cells expressing NBS1-WT, but not in those expressing NBS1-I171V ( Fig. 3C and 3D ).
Phosphorylated H2A histone family member X (γH2AX) foci were identified in both the cells expressing NBS1-I171V and those expressing NBS1-WT, where they colocalized with the NBS1-WT foci or MRE11 foci (Fig. 3) . These results suggest that after exposure to IR, the localization of NBS1-I171V to sites of DSB is less prominent than that of NBS1-WT.
NBS1-I171V polymorphic variant reduced DSB repair activity through loss of association with MDC1
Because mediator of DNA-damage checkpoint 1 (MDC1) recruits NBS1 to sites of DSB after IR treatment (18, 19) , we examined MDC1 localization in cells that had been exposed to IR. MDC1 foci were identified at sites of DSB in cells expressing either NBS1-I171V or NBS1-WT ( Fig. 4A and 4B ). These results suggest that MDC1's ability to localize to sites of DSB after IR treatment is unaffected by the NBS1-I171V substitution. We also determined that MDC1 foci localized at sites of DSB with NBS1-WT foci but not with NBS1-I171V foci after IR treatment (Fig. 4C and 4D) . Next, we characterized the interaction between NBS1-I171V and MDC1 by conducting an immunoprecipitation analysis. After exposure to IR, a large amount of MDC1 coprecipitated with NBS1-WT, but not with NBS1-I171V (Fig. 4E, lanes 4 and 5) . This result is consistent with the reports that both of FHA and BRCT domains in NBS1 are important for its association with MDC1 (8, 20) , and NBS1-K160M mutant which resulted in an lysine to methionine substitution at amino acid position 160 within the BRCT domain reduces its binding activity to MDC1 (8) .
Therefore, we speculate that NBS1-I171V mutant within the BRCT domain affects a structure of the BRCT domain and abolishes the interaction between NBS1 and MDC1.
The results in Figure 4 suggest that the decreased localization of NBS1-I171V to sites of IR-induced DSB results from its inability to bind to MDC1. We also found that the knockdown of MDC1 expression using MDC1-specific siRNA did not affect the sensitivity to IR in cell line expressing NBS1-I171V or the vector (Supplementary Fig. S3A ).
However, the knockdown of MDC1 expression increased the sensitivity to IR in cell line expressing NBS1-WT ( Supplementary Fig. S3A ). This result suggests that NBS1-I171V impairs the MDC1-NBS1-pathway.
The MRN complex initiates resection of DSB ends to create single-stranded 3'-overhangs that can be repaired by HR system (21) . In addition, the complex recruits replication protein A (RPA), containing phosphorylated 32kDa replication protein A2 subunit (RPA2, also known as RPA32), to single-stranded DNA at sites of DSB (22) . We examined the production of single-stranded DNA at the ends of DSB by using immunofluorescence to analyze the localization of phosphorylated RPA32 in cells exposed to IR. Phosphorylated RPA32 foci were identified at sites of DSB in cells expressing NBS1-WT, but not in those expressing NBS1-I171V or the vector control ( Fig. 5A and 5B).
Because RAD51 homolog (S. cerevisiae) (RAD51) also was recruited to the single-stranded 3'-overhangs after IR treatment (23), we examined RAD51 localization in cells that had been exposed to IR. RAD51 foci were identified at sites of DSB in cells expressing NBS1-WT, but not in those expressing NBS1-I171V or the vector (Fig. 5C and 5D ). It was reported that BRCA1 (familial breast cancer susceptibility protein) also promoted induction of the single-stranded DNAs at sites of DSB (24) . Therefore, we examined BRCA1 localization in cells that had been exposed to IR. BRCA1 foci were identified at sites of DSB in cells expressing NBS1-WT, but not in cells expressing NBS1-I171V or the vector (Supplementary Fig. S3C and S3D) . These results are consistent with our finding that the localization of NBS1-I171V to sites of IR-induced DSB was less pronounced than that of NBS1-WT (Fig. 3A and 3B) , and suggest that NBS1-I171V decreases the localizations of the MRN complex and BRCA1 to sites of DSB. These aberrant localizations result in decreased production of repairable single-stranded DNA and reduced DSB repair activity.
NBS1-I171V polymorphic variant increases the risk of breast cancer
To date, the NBS1-I171V polymorphic variant was detected frequently only in Polish patients with breast cancer, head and neck cancer, and colorectal cancer (25) (26) (27) (28) . However, The above finding may suggest that NBS1-I171V exerts a dominant-negative effect on the function of NBS1-WT. To test this hypothesis, we expressed the codon 171 polymorphic variants of NBS1 in HeLa cells, which also express endogenous NBS1. Clones were isolated and selected on the basis of their exogenous and endogenous NBS1 expression, with the selected clones expressing equivalent levels of protein (Fig. 6A, lanes 1 and 2) .
Using these cell lines, we assessed cell survival in response to DNA damage caused by exposure to IR or MMC. The cell line expressing NBS1-I171V was more sensitive to IR and MMC than was the line expressing NBS1-WT or the vector (Fig. 6B) . We also found that other cell line expressing NBS1-I171V was more sensitive to IR and MMC than was other cell line expressing NBS1-WT (Supplementary Fig. S4B ). Next, we analyzed the localization of NBS1, MRE11, phosphorylated RPA32, RAD51 or BRCA1 in cells exposed to IR. The cell line expressing NBS1-I171V showed a two-to threefold lower focus counts of NBS1, MRE11, phosphorylated RPA32, RAD51 or BRCA1 compared with the cell line expressing NBS1-WT or the vector ( Supplementary Fig. S4D , S4E, S5, S6 and S7). These results suggest that the DSB repair activity of endogenous NBS1 was reduced by NBS1-I171V in a dominant-negative manner. Figure 6A showed that total amount of NBS1 protein in HeLa cell line expressing NBS1-I171V or NBS1-WT was almost same as that in HeLa cell line expressing a vector. Because NBS1-I171V incorporates into the MRN protein complex (Fig. 1C) Fig. S8 ). These results suggest that chromosomal instability is elevated in cells expressing NBS1-I171V because its dominant-negative effects on endogenous NBS1 reduce DSB repair. This result is consistent with our previous finding that the chromosomes of lymphoblastic cell lines derived from the patient's father, who carried the heterozygous polymorphic variant of the NBS1-I171V substitution, contained a remarkable number of structural chromosomal aberrations (10) .
Conclusion
We have demonstrated that the NBS1-I171V variant reduces DSB repair activity through loss of association with MDC1. Moreover, the reduced activity of NBS1 in cells expressing the NBS1-I171V variant elevated chromosomal instability in these cells and increased the 
risk of breast cancer in a Japanese population. Recently, it was reported that Mre11-mediated DDR restrains mammary hyperplasia by effecting an oncogene-induced G2 arrest (34) . Therefore, further researches of NBS1-I171V function in the development of breast cancer could be necessary. 
